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Abstract: Present understanding of fire ecology in forests subject to surface fires is based on fire-scar evidence. We
present theory and empirical results that suggest that fire-history data have uncertainties and biases when used to esti-
mate the population mean fire interval (FI) or other parameters of the fire regime. First, the population mean FI is dif-
ficult to estimate precisely because of unrecorded fires and can only be shown to lie in a broad range. Second, the
interval between tree origin and first fire scar estimates a real fire-free interval that warrants inclusion in mean-FI cal-
culations. Finally, inadequate sampling and targeting of multiple-scarred trees and high scar densities bias mean FIs to-
ward shorter intervals. In ponderosa pine (Pinus ponderosaDougl. ex P. & C. Laws.) forests of the western United
States, these uncertainties and biases suggest that reported mean FIs of 2–25 years significantly underestimate popula-
tion mean FIs, which instead may be between 22 and 308 years. We suggest that uncertainty be explicitly stated in
fire-history results by bracketing the range of possible population mean FIs. Research and improved methods may nar-
row the range, but there is no statistical or other method that can eliminate all uncertainty. Longer mean FIs in ponder-
osa pine forests suggest that (i) surface fire is still important, but less so in maintaining forest structure, and (ii ) some
dense patches of trees may have occurred in the pre-Euro-American landscape. Creation of low-density forest structure
across all parts of ponderosa pine landscapes, particularly in valuable parks and reserves, is not supported by these results.

Résumé: La compréhension actuelle de l’écologie du feu dans les forêts sujettes aux feux de surface repose sur la pré-
sence des cicatrices laissées par le feu. Nous présentons des résultats théoriques et empiriques qui montrent que les don-
nées sur l’historique des feux comportent des incertitudes et des biais lorsqu’elles sont utilisées pour estimer l’intervalle
moyen entre les feux ou d’autres paramètres du régime des feux. Premièrement, il est difficile d’estimer avec précision
l’intervalle moyen entre les feux à cause des feux qui ne sont pas comptabilisés et cette valeur a donc forcément un fort
coefficient de variation. Deuxièmement, l’intervalle entre l’apparition des arbres et la détection des premières cicatrices
constitue un intervalle réel pendant lequel il n’y pas eu de feu et doit être inclus dans le calcul de l’intervalle moyen
entre les feux. Finalement, un échantillonnage inadéquat, des arbres avec des cicatrices multiples et une densité élevée de
cicatrices introduisent des biais qui entraînent une sous-estimation de l’intervalle entre les feux. Dans les forêts de pin
ponderosa (Pinus ponderosaDougl. ex P. & C. Laws.) de l’ouest des États-Unis, ces incertitudes et ces biais suggèrent
une forte sous-estimation des intervalles moyens entre les feux qui pourraient se situer entre 22 et 308 ans plutôt qu’entre
2 et 25 ans tel que rapporté. Nous suggérons que l’incertitude soit explicitement mentionnée dans les résultats qui réfèrent
à l’historique des feux en indiquant une fourchette d’intervalles moyens entre les feux. La recherche et de meilleures mé-
thodes pourraient réduire l’écart mais il n’y a pas de méthodes statistiques ou autres capables d’éliminer toute incertitude.
Des intervalles moyens entre les feux plus longs dans les forêts de pin ponderosa indiquent que (i) les feux de surface
sont encore importants, mais pas autant pour maintenir la structure de la forêt et (ii ) des îlots denses d’arbres ont pu exis-
ter dans le paysage avant l’arrivée des européens. Ces résultats ne supportent pas la pratique qui consiste à maintenir une
structure caractérisée par une faible densité partout dans le paysage occupé par le pin ponderosa, particulièrement dans les
zones qui ont une grande valeur, comme les parcs et les réserves.

[Traduit par la Rédaction] Baker and Ehle 1226

Introduction

Forests have been altered by human modifications of natu-
ral disturbance regimes, and restoration of forest structure
and disturbance processes is increasingly a goal of manage-

ment. Ponderosa pine (Pinus ponderosaDougl. ex P. & C.
Laws.) forests of the western United States, for example, are
thought to be modified by fire exclusion, leading to fuel
buildup and higher tree density that may increase the proba-
bility of stand-replacing fires (Covington and Moore 1992,
1994a, 1994b). Restoration of pre-Euro-American tree den-
sity and reintroduction of fire are considered remedies for
this condition (Covington et al. 1997). In this paper we ar-
gue that the fire-history basis for these ideas is uncertain.

Fire-history research has focused on fire intervals, particu-
larly the mean fire interval (mean FI), as essential to the de-
scription and comparison of surface-fire regimes and one of
the frames of reference for restoration. Yet, mean FI and
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other fire-interval parameters (e.g., median, maximum,
range) can be sampled, quantified, and summarized using
several methods. There has been little research on the effects
of variation in these methods (but see McBride 1983; Agee
1993; Johnson and Gutsell 1994) or on their reliability in re-
constructing past fire history. A sampled fire-scar record, for
example, is not free of uncertainty or potential bias. It is un-
certain, for example, whether a tree without a scar did or did
not burn in a fire that scarred nearby trees. Moreover, the
method of selecting samples of fire-scarred trees affects to
what extent the sample is an adequate and unbiased estima-
tor of the parameters (e.g., mean FI) of a fire regime (John-
son and Gutsell 1994).

A modern calibration, to test how the fire-scar record
should be sampled and interpreted to reconstruct the past fire
regime, has never been attempted, so far as we are aware.
While fire-history methods may rely upon concepts that have
a logical basis, modern calibrations are essential to verify
that these concepts are reliable for quantitative paleo-
ecological research (e.g., Clark 1988). This calibration re-
search would be difficult for fires, since they are infrequent.
However, we argue that until this essential calibration re-
search can be completed, potential uncertainties and biases
should be explicitly considered and incorporated into fire-
history results. Present methods can also be revised to mini-
mize known biases, such as from purposive sampling (John-
son and Gutsell 1994).

Our focus is on nearly pure ponderosa pine forests, ex-
cluding mixed conifer forests sometimes referred to as pon-
derosa pine forests because of ponderosa pine dominance.
We focus our analysis on the mean FI primarily because this
parameter is the only one widely reported in the literature,
allowing us to compare many studies, rather than because
mean FI is the only important or best parameter of the fire
regime. The simple median or Weibull median of a set of
fire intervals, for example, may better reflect central tenden-
cies in non-normal fire-interval distributions (Grissino-
Mayer 2000). We first review the theory and practice of cal-
culating and analyzing fire intervals in surface-fire regimes
using fire-scar data. Then, we turn to the specific case of
ponderosa pine forests, before drawing our arguments to-
gether, and discussing the implications.

Theory and practice of calculating and
analyzing fire intervals using fire-scar data

Fire-scar formation, unrecorded fires, and the
uncertainty of a tree without a scar

Fire scars form most commonly on the leeward side of
trees burned in head fires, as a result of longer duration and
greater heat load on the bark (Fahnestock and Hare 1964;
Gill 1974; Gutsell and Johnson 1996). Occurrence of previ-
ous open wounds encourages re-scarring and may lead to
wound expansion (Lachmund 1923), and fuels near the base
may increase scar formation (Show and Kotok 1924). Resis-
tance to scarring is approximately proportional to the square
of the bark thickness, so larger and older trees are much
more resistant (Vines 1968).

Trees are often charred by a surface fire, but fires do not
always leave scars in particular areas or even a whole stand,
so fires may be unrecorded in fire scars. Show and Kotok
(1924) suggest that, once a tree is scarred, it subsequently
records even low-intensity fires. However, trees are com-
monly charred but not scarred (e.g., Sherman 1969), al-
though trees that appear to be merely charred may later
reveal a scar (Fahnestock and Hare 1964). Shallow scars
may also be burned away by subsequent fires. Thus, an indi-
vidual tree may contain an imperfect record of the fires that
burned near the tree, but how imperfect is this record?

The abundance of unrecorded fires is largely unknown.
Fire researchers may have strong intuition about how com-
mon unrecorded fires are in particular places, but there is lit-
tle quantitative information based on systematic research.
Lachmund (1923) found that 9% of ponderosa pines burned
by a single fire had new scars, but light surface fires can
leave 20% or more of the trees scarred (Morris and Mowat
1958). This does not mean that 80% or 91% of trees may
fail to record a light surface fire, because there are other rea-
sons for the absence of a scar.

There are several reasons that a tree inside a fire perimeter
may lack a scar (Table 1). Chief among these is that some
areas within the perimeter did not receive flames from the
fire. Because of unburned area inside fire perimeters, a tree
without a scar is always ambiguous, as it may or may not
have burned in a fire that burned neighboring trees. From
studies in ponderosa pine, reviewed later, unburned area can
be 10–58% of the area inside the burn perimeter. More study
is needed of unburned area inside fire perimeters and the rate
of scarring of the fraction of trees that did receive flames.
Without modern calibration, the problem of unrecorded fires
means that fire-scar records provide uncertain estimates of
fire-regime parameters, such as the mean FI.

The fire rotation, population mean fire interval, and
estimated mean fire interval

We suggest that one goal of fire-history research should
be to estimate the population mean FI and fire rotation for a
stand (homogeneous area of forest up to several hundred
hectares in area) or for other areas of interest. What are the
relationships of the fire rotation, the population mean FI, and
the fire interval estimated from a sample of scarred trees?
We use a hypothetical example to illustrate these relation-
ships (Fig. 1). This example is of a 100-ha stand in which
three fires occur after an initial fire in 1700 AD. The fires
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No fire sufficiently near the trunk (unburned area)
Bare or rocky soil or patches of rock with little or no fuel
Little or no fuel for other reasons
Fuel moisture too high to carry a fire nearby
Sufficient fuel, but no connectivity to the spreading flame front
Wind fluctuations cause the fire to shift away
Insufficient fire intensity to scar the trunk
Fire intensity too low

Insufficient fuel
Fuel moisture too high
Heat not directed at the trunk, due to wind shifts

High fire intensity directed at trunk, but trunk resistant to
scarring

No previous scars, wounds, or fissures
Bark sufficiently thick to resist heat load

Table 1. Some possible reasons that a living tree inside a fire
perimeter may not have a scar from the fire.
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burn all of 50, 50, and 100 ha for a total of 200 ha in 100
years, an average of 2 ha/year.

The fire rotation is defined as the time required to burn an
area equal to the area of interest (Romme 1980), in this case
the 100-ha stand. Fire rotation is often used to describe
stand-replacing fire regimes but is equally relevant to
surface-fire regimes, since in both cases fires burn over a
certain land area (Romme 1980). The fire rotation for the ex-
ample stand (Fig. 1) is 100 ha divided by 2 ha/year, which
equals 50 years. If the fire rotation is 50 years, then about
2% of the area, on average, should burn each year, and the
whole area should burn roughly every 50 years. However,
much of the burning during a rotation may occur in a few
fire years, with little or no area burned in most years
(Strauss et al. 1989). Moreover, if the fire rotation for a
study area is 50 years, there may be considerable spatial
variability in fire rotations among smaller parts of the study
area (Fig. 1e). Fire-rotation calculation is illustrated for the
four quarters of the hypothetical stand (Figs. 1c–1e). If some
parts of a study area have fire rotations longer than 50 years,
then other parts must have rotations less than 50 years for
the rotation for the whole study area to be equal to 50 years.
The typical approach to estimate the fire rotation is to sum
up the areas of individual past fires, but it is difficult to esti-
mate the size of past fires in surface-fire regimes because of
the common absence of conspicuous changes in stand struc-
ture at surface-fire boundaries.

It has not been generally recognized that the population
mean FI is equal to the fire rotation (but see McKelvey et al.
1996), but this makes it possible to estimate the fire rotation
without knowing fire sizes. In our hypothetical example, we
have maps of the fires, so we can calculate the exact fire in-
tervals for each of the four quarters (Fig. 1f), and then count
up how many fire intervals there were in each quarter during
the 100-year interval from 1700 to 1800 AD (Fig. 1g). The
length of time is divided by the number of intervals to obtain
the population mean FI for each quarter (Fig. 1h). For the
four quarters, the population mean FI is identical to the fire
rotation (Figs. 1e and 1h).

This identity between the fire rotation and the population
mean FI can be understood in a more general way. On aver-
age, each square metre or any other areal unit of a study area
will experience one fire during a fire rotation, as the fire ro-
tation is defined as the time needed to burn over an area
equal to that of a particular area of interest a single time
(Romme 1980). It follows that, on average, each square
metre will receive the next fire after another fire rotation.
Then, it is a simple deduction that the mean interval between
fires, averaged across all square metres in a land area, must
be equal to the fire rotation for the land area. Regardless of
the land area, the fire rotation for that area is identical to the
population mean FI, as these two measures are simply con-
trasting spatial and temporal derivations of the rate of burn-
ing.
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f. fire intervals (years) - each area

g. number of fire intervals - each area

h. population mean FI (years) = b/g

a. Area (ha)

b.Time Interval (years)

Spatial and Temporal Extent Fires

Fire Rotation Population Mean Fire Interval Sample Mean Fire Interval

1 50, 50
2 50, 25, 25
3 100
4 75, 25c. area burned per 100 years (ha)

d. Mean area burned per year (ha) = c/b

e. fire rotation (years) = a/d

50
25

75
50

0.50
0.50

0.75

50.0100.0
33.350.0
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100.0
50.0
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33.3

i. fire intervals (years) - each tree

j. number of fire intervals - each tree

k. sample mean FI (years) = b/k

1 2

3 4

Intervals on trees

0.25

Fig. 1. The relationship between fire rotation, the population mean fire interval, and the sample mean fire interval for a hypothetical
100-ha stand divided into four quarters. The hypothetical stand was burned by three fires after 1700 AD.
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Now consider that trees, and the fire scars they contain,
are similar to any other areal unit. However, fire-scarred
trees typically contain only a sample, not the population, of
fire intervals, since not all scarred trees may be sampled, and
unrecorded fires occur. If all fires were recorded in the scars,
an adequate sample from scars would accurately estimate the
population mean FI and fire rotation. In our hypothetical ex-
ample, we illustrate this by showing that, if four trees, one in
each quarter, each contain a record of all the fires that
burned in that quarter, then just these four trees can precisely
estimate the population mean FI and fire rotation for the
stand (Figs. 1i, 1j, and 1k).

It is inappropriate to calculate the mean of the fire rota-
tions or the mean FI for the four quarters (Fig. 1e), which is
58.3 years, to find the mean fire rotation or mean FI for the
whole stand, which is 50.0 years. To find the mean fire rota-
tion or mean FI for the whole stand from values in the four
quarters, a weighted mean is needed. The weights are the
number of rotations or number of intervals in the time inter-
val of interest (100 years in this case). Thus, the mean fire
rotation and mean FI for the whole study area are both cal-
culated from fire rotations and mean FIs in the four quarters
(Figs. 1d and 1g) as ((2 × 50.0) + (3 × 33.3) + (1 × 100.0) +
(2 × 50.0))/8 = 50.0 years.

Of course, our hypothetical example is also quite simple
and ideal. In reality, fires are irregular in shape, and fire
scars on trees do not record all the fires. Thus, we turn to the
problem of estimating the population mean FI from a set of
fire-scar samples.

How are stand-level fire-regime parameters calculated
and what do they mean?

It is common practice today to produce a composite
(Dieterich 1980a) or master fire chronology (Grissino-Mayer
1995) for a stand or site from a sample of fire-scarred trees,

but some authors also report fire intervals for individual
trees or the mean from a group of trees. We illustrate these
two alternative treatments of fire-scar data in a hypothetical
stand (Table 2). In the individual-tree approach the list of fire
intervals for each tree is first calculated, then the mean for all
the intervals on a particular tree is calculated. Individual-tree
mean FIs are then averaged among all the trees sampled in a
stand, weighted by the number of intervals, to estimate the
mean individual-tree FI. In the example, the mean individual-
tree FI is 5.9 years. In contrast, mean composite FI, summa-
rized along the right side of the table, is calculated by first
creating a master chronology or composite that lists every
fire found on sampled trees. The set of fire intervals and pa-
rameters is then calculated from the composite. In the exam-
ple, the mean composite FI is 2.5 years. The important
distinction is whether actual intervals from individual trees
are used (individual-tree approach) or intervals are created
from a list of compiled fire years (composite approach of
Dieterich 1980a).

How are the mean individual-tree FI and mean composite
FI to be interpreted? The mean individual-tree FI, in a sense,
can be interpreted to be a minimum fire assumption; the
only trees assumed to actually have burned in a particular
fire are those that contain a scar dating to the fire. There is
no correction or adjustment for unrecorded fires. The mean
individual-tree FI, thus, is uncertain, as it may overestimate
the length of the population mean FI if there are unrecorded
fires, and the magnitude of unrecorded fires is unknown. The
composite FI assumption, in a sense, is a maximum fire as-
sumption, as each fire scar may be assumed to represent a
fire that generally burned the entire stand, although fuel dis-
continuities may leave some unburned area inside the fire
perimeter (e.g., Dieterich 1980b). The composite column
contains an X if any tree experienced a fire (Table 2), consis-
tent with this interpretation. The composite FI also implies
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Tree No.

Year 1 2 3 4 5 Composite

1900 X X X X 0 X
1899 0 0 0 0 0 0
1898 0 0 0 0 0 0
1897 0 0 0 0 0 0
1896 0 X 0 0 X X
1895 0 0 0 0 0 0
1894 0 0 0 0 0 0
1893 0 0 0 X X X
1892 0 0 0 0 0 0
1891 0 X X 0 0 X
1890 X 0 0 X 0 X
Fire intervals (years) 10 4 9 7 3 4

5 3 3
2
1

No. of intervals 1 2 1 2 1 4
Mean interval (years) 10.0 4.5 9.0 5.0 3.0 Mean composite FI = 2.5

Mean individual-tree FI = 5.9

Note: An X indicates a fire-scar is present from that year, while a 0 indicates a fire-scar is not
present. Fire-scar intervals at the bottom of the table are only scar-to-scar intervals. Mean individual-
tree FI is the weighted mean of the mean intervals for the five trees.

Table 2. A hypothetical example illustrating the use of fire-scar data to estimate stand-
level fire parameters.
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that the fire-scar record on many trees is incomplete because
of unrecorded fires and aims to offset unrecorded fires by
compositing (Dieterich 1980a). The mean composite FI,
however, underestimates the length of the population mean
FI if there really are few unrecorded fires. However, because
the magnitude of unrecorded fires is unknown, the compos-
ite FI now more typically has an equivocal fire interpreta-
tion, meaning only that a fire burned somewhere in the stand
or site, not necessarily the whole area, after the composite
FI. This interpretation recognizes that fires are spatially
patchy, often not burning the entire stand (Arno and
Petersen 1983; Barrett 1988; Goldblum and Veblen 1992).
Individual-tree FIs and composite FIs thus have different but
compatible meanings. In the example (Table 2), trees may
have a mean individual-tree FI of 5.9 years at the same time
that fire occurs somewhere in the stand as a whole once ev-
ery 2.5 years (mean composite FI).

The individual-tree FI is uncertain and the composite FI
equivocal, so neither is likely to be equal to the population
mean FI for the stand. At first glance, it may seem that,
when unrecorded fires are common, the composite FI esti-
mate may be closer to the population mean FI, but when un-
recorded fires are rare, the individual-tree FI estimate is
likely closer to the population mean FI. It could be argued
that the composite FI is not intended to estimate the popula-
tion mean FI, as it explicitly recognizes the equivocal nature
of the fire record. However, we suggest that the composite
FI makes comparison of fire intervals difficult, since com-
posite FI varies with spatial extent. Because of its equivocal
nature, it is also not very useful in understanding the spatial
ecology of fire or in providing guidance for land managers.

Problems with the composite FI
Each fire, whether small or large, potentially decreases the

value of the composite FI by the same amount, while small
fires only affect the individual-tree FI value for the one to
few trees scarred by the fire. Small fires may be common in
ponderosa pine forests, as evidenced by the small number of
fire scars that document most fire years (Fig. 2). Lightning
strikes, for example, may produce insignificant fires that scar
only one or just a few ponderosa pines (Taylor 1969). On av-
erage, 72.4% of identified fire years, in an available sample
of ponderosa pine stands we obtained from the literature, are
documented by only one or two fire scars (Fig. 2l). For most
studies a high percentage of fire years is documented by
only one or two scarred trees. In some cases, few scars doc-
umenting a fire may result from a low scarring rate, but
small fires appear to be common.

In part to offset the potential impact of numerous small
fires, some authors calculate a restricted composite FI, in
which compositing is restricted to only those fires that scar
10%, 25%, some other percentage, or a minimum number of
the sampled trees (e.g., Grissino-Mayer 1995; Brown and
Sieg 1996; Swetnam and Baisan 1996a, 1996b; Veblen et al.
2000). Fisher et al. (1987), for example, ignore spot fires
(scarring only one tree or a small group of trees) and calcu-
late the mean interval between only the area-wide fires that
affect much of the landscape.

To assess the impact of percentage restrictions on mean
composite FI, we used data for 32 ponderosa pine stands
(Grissino-Mayer 1995,n = 9; Swetnam and Baisan 1996a,

n = 21; Swetnam and Baisan 1996b, n = 2) where mean
composite FI, based on all scarred trees, >10% scarred, and
>25% scarred, is reported. In this sample, mean composite
FI for all scarred trees is 7.5 years, while it is 13.4 years for
the >10% scarred class and 15.1 years for the >25% scarred
class. The arbitrary choice of how much restriction to use
thus has a large influence on the value of the mean compos-
ite FI, but restriction does lead to a composite FI estimate
that better reflects larger fires that affect more land area.

While a restricted composite FI may partially offset the
problem of small fires, the composite FI has other problems
that outweigh this benefit. First, the equivocal interpretation
of the composite FI means that it is not suitable as an esti-
mator of the population mean FI and fire rotation for the
study area. Second, mean composite FI declines as study
area size increases and more fires are found (Arno and
Petersen 1983). Managers will seldom be able to find a com-
posite FI estimate for a study area of about the same size as
the area they plan to burn or are managing, yet this is essen-
tial if the composite FI value is to be used as a guide. The
population mean FI and mean individual-tree FI, in contrast,
have no particular trend as study area size increases. Man-
agers using prescribed fire are seldom able to simply set a
fire somewhere in a study area and let it burn as it will, yet
this would be compatible with the equivocal meaning of the
composite FI. Prescribed fires instead take place under con-
trolled conditions in which the fire is planned to burn until it
reaches pre-determined limits. The more relevant informa-
tion for fire managers is how often an area should be burned,
how much land area to burn each year, or how often, on av-
erage, each tree should be burned. Information about the
spatial variability of fire also is needed. This information is
also essential to understanding the spatial ecology of fires.

Bracketing uncertainty due to unrecorded fires
It would be ideal to be able to correct fire-interval esti-

mates for unrecorded fires. Unfortunately, methods of cor-
recting for unrecorded fires have been proposed but rest on
untested or invalid assumptions. Dieterich’s (1980a, 1980b)
method assumes that each susceptible tree in a stand actually
was burned by every fire that burned in the stand. This is the
maximum fire assumption that is not supported by available
evidence. There are burned and unburned areas inside fire
perimeters (e.g., Sackett 1980), so it cannot be assumed that
unscarred trees adjacent to a fire-scarred tree also were
burned. To truly overcome the uncertainty of trees without
scars, and to estimate scarring rates, empirical observation
of natural fires is necessary.

Until research can resolve or narrow the problem of unre-
corded fires, a logical recourse is to explicitly estimate the
possible range of the present uncertainty. We suggest as a
starting point that, except for correction for other problems
explained later, the mean individual-tree FI and the restricted
mean composite FI may span the limits within which the
population mean FI lies, for the following reasons. If there
are no unrecorded fires, then the mean individual-tree FI is
equal to the population mean FI and the fire rotation. If un-
recorded fires were common, then the mean composite FI
might better estimate the population mean FI and the fire ro-
tation. However, we argued that the composite FI, unlike the
individual-tree FI, is very sensitive to small fires and thus
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varies with study area size and number of sampled trees. To
offset this trend, the restricted composite FI is likely to lead
to a better estimate of the population mean FI. How much
restriction is needed, however, is unknown, and more re-
search is needed. We suggest that restriction to >10%
scarred and a minimum of two trees that are not in close
proximity may provide an initial restriction that is useful for
bracketing, particularly since our review of the effect of re-
striction suggests the composite FI changes more slowly
with greater restriction. Bracketing can also be used with
any other parameter (e.g., median, maximum, distribution)
of a set of fire intervals.

Fire intervals, tree regeneration, and the
origin-to-scar interval in ponderosa pine
forests

Our theoretical arguments suggest some modifications to
traditional approaches to analyzing the fire-scar record to ex-
plicitly quantify uncertainty. There are other modifications
warranted, and other sources of uncertainty, after consider-
ing fire intervals in relation to tree regeneration.

Part of the difficulty with linking temporal and spatial
components of fire in ponderosa pine forests is that the role
of fire in ponderosa pine dynamics remains unclear, but fire
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Fig. 2. Percentage of the identified fire years versus the number of fire-scarred trees used to document those fire years, based on data
from (a) Arno (1976), Onehorse; (b) Arno (1976), Tolan; (c) Arno (1976), West Fork; (d) Dieterich (1980a), Chimney Spring;
(e) Dieterich (1980b), Limestone Flats; (f) Stein (1988), Whiteman Spring; (g) Stein (1988), Straight Canyon; (h) Stein (1988), Seiler
Mill; ( i) Rowdabaugh (1978), pre-1840 scars; (j) Brown et al. (1999), Fig. 6; and (k) Goldblum and Veblen (1992) and (l) the mean
for the 11 stands. Note that the length of theX axis is scaled to reflect the number of sampled trees.
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intervals must occur that are sufficiently long to allow some
tree regeneration. Fires are thought to both promote regener-
ation (Show and Kotok 1924; Cooper 1960; Sackett 1984;
White 1985) and kill young seedlings (Cooper 1960;
Covington and Moore 1992, 1994a, 1994b). The success of
tree regeneration may thus be influenced by the net outcome
of these competing roles, which must be played out spa-
tially. For ponderosa pine forests to be perpetuated, regener-
ation must generally occur in fire-free windows that shift
spatially across the landscape. Shifting is necessary, as long-
term regeneration failure in some part of the landscape may
lead to loss of ponderosa pine dominance.

Seedlings in ponderosa pine forests do not scar well, be-
cause they have thin bark that offers little resistance to heat,
and they are subject to mortality from crown scorch. Also,
their stems are of insufficient size to produce the differential
heating that leads to leeward scarring as flames pass (Gutsell
and Johnson 1996). As a result, in surface fires, seedlings
experience mortality rates well above 90%, although some
seedlings do survive (Table 3). Nearly all these studies are of
controlled, low-intensity surface fires during modest burning
conditions in cool fall or spring periods. Some may argue
that higher fuel loads due to fire exclusion may elevate mor-
tality in these controlled burns relative to pre-Euro-
American conditions. However, this concern is offset by the
fact that mortality during hotter periods, when natural fires
more likely were common, would also have been higher.
One anomalous fire, with <90% mortality of seedlings, was
during atypical cool conditions in early winter (Lindenmuth
1962). It is well known that as seedlings increase in height
and diameter, they have a higher probability of surviving a
fire, so high mortality values decrease rapidly as trees reach
5 cm or more in diameter (citations in Table 3).

The necessary regeneration window may occur primarily
when fire fails to reach all locations containing seedlings or
when fire occasionally does not reach an intensity sufficient
to kill seedlings, essentially the same reasons that a larger
tree may lack a scar (Table 1). Surface fires in ponderosa
pine forests do generally leave some of the area inside their
perimeters unburned (Dieterich 1980a). The unburned area
has been found to be 10% (Wooldridge and Weaver 1965),
14% (Sackett 1980), 21.5% (Lindenmuth 1962), 31% (Show
and Kotok 1924), 38% (Davis 1965), or even 58% (Gordon

1967) of the area inside the burn perimeter. Many of these
fires, however, were low-intensity, cool-season prescribed
fires that may be patchier than higher intensity, warm-season
fires would be. Sackett et al. (1996) suggest that ponderosa
seedlings survive where absence of overstory pines leads to
a lack of pine-needle litter sufficient to enable fire spread.
Show and Kotok (1924, pp. 60 and 61) also observed the
following:

Surface fires during any season of the year, under any
method of control, destroy practically all seedling repro-
duction up to 6 feet high on areas actually burned. Since
these fires are normally patchy, however, a single or even
a series of light fires does not necessarily result in wiping
out completely all small reproduction within the exterior
boundaries of the burned area.

Unburned area inside a fire perimeter provides a mechanism
for the survival of small groups of trees inside a fire perime-
ter, but how long must the area remain unburned before
seedlings are large enough to be able to survive a fire?

One way to estimate how long the fire-free interval must
be for trees to successfully regenerate is to examine the
origin-to-scar (OS) interval on fire-scarred trees (Fig. 3).
This is the interval between the year of origin of the tree and
the occurrence of the first fire scar (Keeley and Stephenson
2000). The logic is that trees that survived fires must gener-
ally have experienced the necessary fire-free interval. To
evaluate the OS interval, we use available data on its length
from five studies that present individual-tree data and three
studies with only summary statistics (e.g., mean) (Fig. 3).
The first part of Fig. 3, up to about the 41- to 60-year-old
age-class, likely reflects the increasing tendency of seedlings
to survive a fire, although not without a scar from it. The de-
clining part of the curve, from the 41- to 60-year-old age-
class on to the end, may reflect the increasing ability of the
tree, through thicker bark, to resist an initial scar (Vines
1968). It thus appears that, before about 20 years of age (be-
cause of death) and after about 150 years of age (because of
heat resistance), unscarred trees have a low probability of re-
cording any surface fire. However, these data suggest a fire-
free interval of about 50 or more years is generally required
for ponderosa pine trees to successfully regenerate.

Do the necessary fire-free intervals of 50 or more years
commonly occur in ponderosa pine forests? If the composite
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Source Location* Mortality Month(s) of burn

Gaines et al. 1958 EC AZ 98–99% of seedlings (<0.3 m tall);
most trees <1.0–1.2 m were killed

Sept.–Oct.

Lindenmuth 1962 EC AZ 58% of trees <1.4 m tall Nov.–Dec.
Show and Kotok 1924 N CA 97% of trees <5 cm DBH Spring and fall
Gordon 1967 NE CA 99% of understory trees Oct., May, June
Wooldridge and Weaver 1965 NC WA 95% of trees <3.0 m tall;

98–99% of seedlings (<0.3 m tall)
Sept.

Weaver 1947 NC WA 90% of area of 40-year-old
reproduction

Sept.

Gartner and Thompson 1973 W SD Nearly 100% of seedlings Apr.
Bock and Bock 1984 W SD 93% of trees <1.4 m tall Oct., Apr.–May

*AZ, Arizona; CA, California; SD, South Dakota; WA, Washington. EC, east central; N, north; NC, north central;
NE, northeast; W, west.

Table 3. Mortality (percent killed) of seedlings in prescribed and natural (only the Weaver 1947 study)
fires in relatively pure ponderosa pine forests of the western United States.
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FIs, under the maximum fire assumption, mean that fires re-
curred every 2–25 years at a point (Fig. 4a, Table 4), regen-
eration could not generally succeed. However, the maximum
interval, not the mean FI, may be most relevant. In only a
few stands do maximum composite FIs occasionally reach
the necessary 50 or more years (Fig. 4b). Such long intervals
are almost non-existent in the southwestern United States
(Table 4; see ranges from studies in New Mexico and Ari-
zona), where composite FIs are generally shortest. Under the
equivocal fire interpretation, reported mean composite FIs
(Fig. 4a, Table 4) imply only that a fire occurred somewhere
in the study area about every 2–25 years. There would al-
ways be places that experienced longer fire intervals, and it
is in these places that fire intervals sufficient for tree regen-
eration must have occurred. The mean OS interval of 81
years is also within the range of individual-tree FIs in many
stands where data are available (Table 4; see individual-tree
FI ranges). This comparison suggests that the necessary fire-
free intervals of 50 or more years did occur in ponderosa
pine stands.

Since the interval needed for tree regeneration must occur
in these stands, this interval should be included in the esti-
mate of the population mean FI. There are a few consider-
ations when using the OS as a fire interval. First, it is not
clear that it always begins with a fire, since tree regeneration
in ponderosa pine forests can be initiated by a variety of
events and conditions, such as favorable climatic episodes

(Savage et al. 1996). Second, there are dating problems. The
fire scars from which a pith date comes may have been ob-
tained some distance above the root collar, so the pith date is
not as early as the actual birth date of the tree. However,
these problems both would mean that the population OS in-
terval may actually be longer than the estimated OS interval.
Better estimates of the OS interval and more complete fire-
scar records in general can be obtained from wedges or core
samples extracted closer to the tree base (Dieterich and
Swetnam 1984). If this is not possible, an estimate of poten-
tial dating errors can be added to the OS interval, as is com-
monly done in estimating the origin date of trees. Since the
population fire-free interval may be at least as long as the
OS interval, the OS interval is still appropriate to include
when bracketing. Omitting it is also an error, possibly a
larger one, since it estimates a real fire interval, and is often
among the longest and most ancient intervals in the record.
Finally, just as with any fire interval, there is potential for
unrecorded fires. Seedlings are less likely than are larger
trees to survive unrecorded fires, so the OS interval is more
likely than scar-to-scar intervals to be a true fire-free inter-
val.

What is the effect of including the OS interval in the cal-
culation of mean FIs? We compared mean individual-tree FI
without and with the OS interval for eight stands where
necessary data were available (Table 5). Mean individual-tree
FI with OS is strongly linearly related to mean individual-tree
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the origin-to-scar (OS) interval for the tree.
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FI without OS, and is, on average, about 1.6 times mean
individual-tree FI without OS (Table 5, Fig. 5). This esti-
mate is based on a small sample, and the OS values are po-
tentially imprecise because of dating problems. Our purpose,
however, is to provide an initial estimate of the magnitude
of the effect from omitting the OS and to encourage collec-
tion and use of OS data.

Potential biases in sampling methods in
fire-history analysis

Sample size
Since a restricted mean composite FI is one potential limit

for the bracketed estimate of the population mean FI, it is

important to evaluate the mean composite FI further. Since
small fires may be common, we expected area sampled and
number of sampled trees to influence variation in available
estimates of mean composite FI throughout the western
United States (Fig. 6, Table 4). This relationship has been
found previously in smaller areas (e.g., Arno and Petersen
1983). We divided the part of the western United States, for
which stand-level data are available, into three regions
(Fig. 6). We then used MINITAB version 12 (MINITAB,
Inc. 1997) to complete a best subset regression (Draper and
Smith 1981), with region as a dummy variable and with
stand area and number of sampled trees as possible predic-
tors of mean composite FI. Overall, region is the strongest
predictor of mean composite FI (Radj

2 = 29.9%), but stand
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Fig. 4. Stand-level (a) mean composite fire intervals and (b) maximum composite fire intervals in ponderosa pine forests of the west-
ern United States, for two levels of sampling intensity. The studies that are the basis for this graph are listed in Table 4.
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Sites Stands Stand composite FI
Stand individual-
tree FI

Source Locationa

Area or
extent of
site

No. of
trees

Mean
(years)

Range
(years) Stand No. or name

Stand area
(ha)

No. of
trees

Mean
(years)

Range
(years)

Mean
(years)

Range
(years)

Arno 1976;
Arno and Petersen 1983

W MT Within
100 km

— — — Onehorse 80–325 11 6 2–20 23 —
Tolan 80–325 4 11 2–18 11 —
West Fork 80–325 7 10 2–18 21 —

Arno et al. 1995 W MT Within
15 km

— — — 1-1 1 2–4 32 17–47 — —
1-2 1 2–4 31 17–47 — —
1-3 1 2–4 26 7–51 — —

Within
0.5 km

— — — 2-1 1 2–4 47 19–83 — —
2-2 1 2–4 52 37–85 — —
2-3 1 2–4 50 35–97 — —

— 3-1 1 2–4 13 5–41 — —
Within

5 km
— — — 4-1 1 2–4 31 8–66 — —

4-2 1 2–4 18 11–28 — —
Barrett 1988 NE ID 1215 ha 75 4 — 10 stands <40 ca. 2 each 10–18 5–28 — —
Bork 1984 C OR Unknown 31 7 — 6 stands 16 ca. 5 each 24 16–38 — 4–100

35 4 — 6 stands 16 ca. 6 each 11 7–20 — 13–74
48 8 — 6 stands 16 ca. 8 each 15 9–25 — 13–100

Brown et al. 1999 C CO 3000 ha 153 9 1–29 Old cluster 30 23 21 3–58 77b 3–160b

Brown et al. 2000 W SD Within
0.5 km

19 — — UPC 10–20 9 — 11–74 — —
UPM 10–20 10 — 13–72 — —

SE WY Within
1 km

22 — — ASL 10–20 12 — 8–74 — —
ASU 10–20 10 — 8–82 — —

S CO 10–20 ha 17 — — HCK 10–20 17 — 2–41 — —
Brown and Sieg 1996 W SD Within

7 km
57 16 1–45 JCS ca. 50 16 23 7–93 32c 7–195c

JCE ca. 200 16 23 1–77 37c 5–157c

JCN ca. 50 11 20 4–45 31c 6–88c

JCC ca. 50 14 23 1–63 42c 5–154c

Brown and Sieg 1999 W SD Within
12 km

42 — — WCN 20–25 12 12 3–32 — —
PIG 20–25 14 10 2–23 — —
GOB 20–25 16 12 3–34 — —

Dieterich 1980a N AZ Unknown — — — Chimney Spring <10 7 5d 1–31 11c 2–31c

Dieterich 1980b N AZ Unknown — — — Limestone Flats <10 10 2 1–9 — —
Dieterich and Hibbert 1990 N AZ Unknown — — — Battle Flat 87 7 2 — — —
Freedman and Habeck

1985
NW MT Within

30 km
Unknown 14 -2–88 21 0.0375 Unknown 22 -2–88b — —

23 0.0375 Unknown 25 8–40 — —
27 0.0375 Unknown 24 -5–49b — —
29 0.0375 Unknown 30 -10–58b — —
31 0.0375 Unknown 26 -3–54b — —
35 0.0375 Unknown 23 -9–37b — —
36 0.0375 Unknown 16 -5–30b — —
40 0.0375 Unknown 26 17–38 — —
44 0.0375 Unknown 36 20–48b — —
48 0.0375 Unknown 25 9–40 — —

Table 4. Studies of fire history in ponderosa pine forests of the western United States.
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Fulé et al. 1997 N AZ 700 ha 51 4 2–8 — — — — — — —
Goldblum and Veblen 1992 N CO — — — — — 600 67 16d 2–49 69 27–173
Grissino-Mayer 1995 NW NM Within ca.

20 km
— — — Cerro Bandera E 12.3 32 6 1–12 — —

Cerro Rendija 8.2 11 9 1–25 — —
Lost Woman 10.6 20 8 2–28 — —
Cerro Bandera N 14.0 35 6 1–16 — —
La Marchanita 42.9 37 6 1–16 — —
Candelaria 8.5 20 7 2–17 — —
Hoya de Cibola 12.6 23 12 2–31 — —
Mesita Blanca 54.8 26 9 2–29 — —
Hidden Kipuka 28.9 13 14 3–55 — —

Heyerdahl 1997 NE OR ca. 1620 ha — — — 2 stands 1 1–8 27, 71c — — —
ca. 1620 ha — — — 2 stands 1 1–8 24, 107c — — —
ca. 1620 ha — — — 1 stand 1 1–8 13c — — —
ca. 1620 ha — — — 8 stands 1 1–8 median 12 — — —

Laven et al. 1980 N CO Unknown — — — Wintersteen Park 50 20 — — 66 5–157
Madany and West 1980 SW UT 3640 ha 119 1 — 1 0.5–2.0 4 28c — — —

2 0.5–2.0 2 22c — — —
3 0.5–2.0 2 19c — — —
4 0.5–2.0 3 37c — — —
5 0.5–2.0 3 14c — — —
6 0.5–2.0 4 14c — — —
7 0.5–2.0 2 19c — — —
8 0.5–2.0 2 19c — — —
9 0.5–2.0 3 9c — — —
10 0.5–2.0 4 22c — — —
11 0.5–2.0 2 16c — — —
12 0.5–2.0 2 19c — — —
13 0.5–2.0 5 7c — — —

McBride and Jacobs 1980 S CA Unknown — 10 — None — — — — — —
McBride and Laven 1976 S CA Unknown 26 10 — None — — — — — —
Morino 1996 SW NM Unknown — — — Snag Saddle 10–100 4 5 1–9 — —

Side Canyon 3 10–100 7 8 1–29 — —
Ledge 10–100 7 10 1–27 — —

Rowdabaugh 1978 N CO Unknown 19 10c 1–56c None — — — — — —
Savage 1989; Savage and

Swetnam 1990
NW NM 6563 ha 16 3 1–18 None — — — — — —

Sherman 1969 C OR ca. 2000 ha 85 12 — None — — — — — —
Skinner and Laven 1982 N CO Unknown 8 — — — — — — — 49c 24–76

Moraine Park Unknown 2 — — 58 50–65
Beaver Mead. Unknown 3 — — 62c 55–76c

Horseshoe Park Unknown 1 — — 34 —
Hondius Park Unknown 2 — — 28 24–32

Soeriaatmadja 1966 E OR ca. 3000 ha 75 — — None — — — — — —
ca. 8000 ha 123 — — None — — — — — —
ca. 6000 ha 64 — — None — — — — — —

Steele et al. 1986 W ID Unknown — — — 5 <10 1–3 ca. 22b – – —
Stein 1988 SW UT 78 400 ha — — — Whiteman Spring Unknown 5 16 4–35c 23c 12–41
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Sites Stands Stand composite FI
Stand individual-
tree FI

Source Locationa

Area or
extent of
site

No. of
trees

Mean
(years)

Range
(years) Stand No. or name

Stand area
(ha)

No. of
trees

Mean
(years)

Range
(years)

Mean
(years)

Range
(years)

Straight Canyon Unknown 4 15 2–43c 30c 9–59
Seiler Mill Unknown 5 18 1–48c 32c 11–81

Swetnam and Baisan 1996a AZ and NM Unknown — — — Camp May East 10–100 6 17 1–46 — —
Canada Bonita S 10–100 31 10 2–29 — —
Capulin C. Mid. 10–100 15 9 1–21 — —
Rito de los Fri. 3 10–100 18 6 1–13 — —
Rito de los Fri. 5 10–100 12 8 1–24 — —
Manzano Mountains N 10–100 19 9 2–38 — —
Castle Creek 10–100 17 3 1–11 — —
Fillmore Creek 1 10–100 7 5 1–21 — —
Fillmore Creek 3 10–100 10 6 1–23 — —
Ice Canyon 10–100 7 7 1–33 — —
Zuni Mountains 10–100 7 6 1–17 — —

Swetnam and Baisan 1996b SE AZ Unknown — — — Rose Canyon Unknown 11 6 1–15 — —
Animas North Unknown 18 5 1–16 — —

Swetnam and Dieterich
1985

SW NM 303 500 ha — — — McKenna Park <160 16 5c 1–16 14c 3–130c

Langstroth Mesa <160 18 5c 1–26 12c 2–147c

Gilita Ridge <40 10 8c 1–39 16c 1–66c

Touchan et al. 1995 N NM Unknown — — — Monument Canyon 259 30 6 1–12 — —
Continental Divide 27 27 12 1–12 — —

Touchan et al. 1996 N NM Unknown — — — Ban-Group 3 110 18 6 1–21 — —
Pajarito Mtn. Ridge 3.5 26 6 1–21 — —
C. Pedernal 16 26 12 1–51 — —
Clear Creek C.G. 130 20 6 1–24 — —

Veblen et al. 1996 N CO Within
40 km

— — — LSB 123 55 7 1–29 30 3–84
MSB 291 71 12 1–54 73 9–87
LMB 281 70 8 1–65 43 4–72
FMI 172 59 11 1–39 46 4–118
ULH 267 76 13 1–100 73 7–130
JCR 219 43 21 1–49 53 12–73
SSV 597 98 9 1–30 46 9–109
NSV 384 45 12 1–33 62 23–85

Note: Studies are included if they are published or generally available; excluded are unpublished reports. Where the cited studies contained data from forests other than relatively pure ponderosa pine,
only the ponderosa pine data are included here. Table entries are, for sites and stands, mean composite FI or individual-tree FI, rounded to the nearest integer. Where data are also presented for Weibull
median intervals or for 10 or 25% scarred classes (e.g., Grissino-Mayer 1995), only the mean interval for all scars is presented here. Means are for only scar-to-scar intervals, and only for the pre-Euro-
American period, where it was possible to separate data by period. Some studies present data at other spatial scales (e.g., watershed; Madany and West1980), but these other scales are omitted here.
Some studies (e.g., Fisher et al. 1987) are not included here, because they do not report intervals for all fires or contain little or no record of pre-Euro-American fires (e.g., Weaver 1951) or are based
on isolated, single trees (Weaver 1951, 1959). Some studies repeat data from previous studies; only new sites are included. Number of trees is the number of fire-scarred trees sampled.

aAZ, Arizona; CA, California; CO, Colorado; ID, Idaho; NM, New Mexico; OR, Oregon; SD, South Dakota; UT, Utah; WA, Washington; WY, Wyoming. C, Central;E, east; EC, east central; N,
north; NE, northeast; NW, northwest; S, south; SE, southeast; SW, southwest; W, west.

bValue has been estimated from a graph.
cValue has been computed from data in a table or graph.
dValue has been re-computed, because number of fires rather than number of intervals was used to calculate the mean interval.

Table 4. (concluded).
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area accounts for an additional 13.1% (Radj
2 ) of the variation

in mean composite FI. Within the northern Rockies, stand
area accounts for 38.4% (Radj

2 ) of the variation in mean com-
posite FI. In the southern Rockies, number of sampled trees
accounts for 66.8% (Radj

2 ) of the variation in mean composite
FI. In the Southwest, number of sampled trees (Radj

2 =
18.5%) and stand area (Radj

2 = 6.9%) explain less of the vari-
ation in mean composite FI. Sampling intensity (area, num-
ber of trees) is thus potentially important in explaining
variation in mean post-CIs within some parts of the western
United States.

A brief aside is in order. Here and in other places in this
paper we use parametric statistics. Fire-interval data within a
stand are often not normally distributed (Grissino-Mayer
2000), suggesting that nonparametric statistics may be ap-
propriate. However, mean FIs, compared among stands, ap-
pear to have distributions that are unimodal and not strongly
skewed, once inadequately sampled stands are omitted (solid
bars in Fig. 4a). Thus, parametric statistics may be appropri-

ate when comparing stand-level summary data among sites.
Further analysis of fire-interval data and appropriate statisti-
cal techniques is warranted.

If sample size influences composite FI, is there a mini-
mum sample size needed for estimating stand-level compos-
ite FI? We could best test this by re-calculating mean
composite FI as sampling area and number of trees increase,
but insufficient data are available for this in the published
literature (Table 4). We instead used the number of detected
fires, which is directly related to mean composite FI; all
studies with sufficient data were included (Table 4). Where
the final number of detected fires is less than about 20 for a
particular stand, new fires accumulate more slowly after
about 10 fire-scarred trees or even fewer in some instances
(Fig. 7). Where the number of detected fires is greater than
about 20, a decline in accumulation seems to occur after
more than about 10 fire-scarred trees have been sampled. In
two cases (Rowdabaugh 1978; Swetnam and Dieterich 1985,
McKenna Park), a decline in the rate of accumulation of new
fires was not evident after 17 and 16 sampled trees, respec-
tively. In these two studies, samples were dispersed over a
wide area. These results suggest that 10 or more contiguous
fire-scarred trees may be generally needed to identify the
majority of fires in a ponderosa pine stand for estimating
mean composite FI. However, the level of accuracy needed
for a particular purpose really governs the sample size.

When stand-level mean composite FIs from fewer than 10
trees or less than 10 ha sampling areas are removed, the
range of mean composite FIs in ponderosa pine forests is
much narrower (Fig. 4a). Many of the unusual maximum FIs
no longer occur (Fig. 4b), suggesting that they may be an ar-
tifact of insufficient sampling. However, after≥10 trees are
sampled a new fire is still often found every few trees sam-
pled (Fig. 7), so there is no definite endpoint. Adequate sam-
pling does not resolve a central difficulty with the composite
FI. Even after sampling≥10 trees, on average 70% or more
of fires in the composite are recorded by only 1 or 2 trees,
suggesting they could be small (Figs. 2a, 2e, and 2i–2l). In-
cluding all these fires lowers the mean composite FI substan-
tially.

The mean individual-tree FI is not as sensitive as is the
mean composite FI to small fires, since a small fire only af-
fects the fire intervals on the particular tree or trees that have
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Source Location Stand name

Mean individual-tree FI

Without OS With OS Ratio

Dieterich 1980a NC AZ Chimney Spring 12.0 24.0 2.00
Rowdabaugh 1978 NE CO — 39.8 69.9 1.76
Stein 1988 SW UT Whiteman Spring 22.9 35.9 1.57
Stein 1988 SW UT Straight Canyon 27.3 45.7 1.67
Stein 1988 SW UT Seiler Mill 32 43.1 1.35
Swetnam and Dieterich 1985 SW NM McKenna Park 13 16.6 1.28
Swetnam and Dieterich 1985 SW NM Langstroth Mesa 12 19.7 1.64
Swetnam and Dieterich 1985 SW NM Gilita Ridge 15.1 20.6 1.36
Mean 21.8 34.4 1.58

Note: These stands are the only eight for which appropriate data (years for each fire and pith year) are available.
Means reported here may differ from those in Table 4, because only trees that contained the pith could be used here.
See Table 4 for location abbreviations.

Table 5. Comparison of mean individual-tree FI without and with the origin-to-scar (OS) interval in-
cluded, for eight stands of ponderosa pine.
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Fig. 5. The relationship of mean individual-tree FI with the
origin-to-scar (OS) interval included and without the OS interval
included. The line is the result of a linear regression using
MINITAB (MINITAB, Inc. 1997).
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that scar. Tree-to-tree variation in mean individual-tree FI is
not so high that an adequate sample at the stand level is dif-
ficult to obtain. Power analysis (Steidl et al. 1997) suggests
that sample sizes typically collected for stands or sites in
fire-history studies are often sufficient to detect as little as a
25–50% difference in mean individual-tree FI between two
stands, with acceptable power, defined as >0.90 (Table 6).
However, where fire intervals are short (e.g., southwestern
United States), actual sample sizes are only sufficient to de-
tect about a 50–100% difference in means with acceptable
power (Table 6).

Targeted sampling
Often the primary goal of sampling has been to obtain a

long and complete record of fires, particularly fires in the
pre-Euro-American era. We reviewed the criteria used to se-
lect sites, stands, and sample trees in ponderosa pine studies
in the western United States (Table 4). There is a widespread
focus on the temporal component of the fire regime, which
leads to sampling in which the following are often sought:
(i) old trees with potentially long fire records, (ii ) high fire-
scar densities, (iii ) trees with multiple fire scars, (iv) trees

with open wounds (cat faces), and (v) relict, unharvested
forests (e.g., Arno and Sneck 1977; Brown and Sieg 1996;
Swetnam and Baisan 1996b; Veblen et al. 2000). Swetnam
and Baisan (1996a) suggest that the most efficient way to
document fire history is to locate multiple-scarred trees that
will result in a long fire-history record that is as complete as
possible. Trees already scarred by a fire, it is argued, may be
better recorders of subsequent fires because of increased
susceptibility to scarring (Arno and Sneck 1977; Kilgore and
Taylor 1979; Laven et al. 1980). Also, multiple-scarred trees
are often older trees surrounded by fine-fuel accumulations
(needles, cones, and small branches) that may increase fire
intensity and, thus, it is argued, the probability of recording
fires. Trees with open scars have been sought or recom-
mended (e.g., Arno and Sneck 1977), in part because they
can be removed with less damage to the tree (Kilgore and
Taylor 1979), but also because the open cat face may in-
crease the ability of the tree to record subsequent fires.
Finally, in landscapes where older trees have been exten-
sively harvested, it is possible to use the stumps in some
cases (e.g., Teensma 1987; Weisberg 1999). In harvested
landscapes where stumps are unusable, it may be impossible
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Fig. 6. Fire-history studies of ponderosa pine forests in the western United States, and the three regions used for analysis in this study.
Studies are those listed in Table 4.
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to obtain records of the pre-Euro-American fire regime with-
out intentionally seeking relict, old ponderosa pine forests,
which may only be found in isolated patches on steep slopes
or in rugged topography where logging was difficult or im-
possible (Arno et al. 1995).

Targeting may be effective to obtain a long fire record, but
targeting significantly biases the value of the sample for esti-
mating the population mean FI and the fire rotation. Places
with high scar densities and multiple-scarred trees may be
places with disproportionately frequent surface fires and
long periods without crown fires, since old trees that would
be killed by crown fires are often sought. The places that are
left out, because of this targeting, may be places with lower
fire frequency or that have experienced crown fires in the re-
cent past. Goldblum and Veblen (1992) found most fire scars
in open stands or on ridges, not in dense stands. Grissino-
Mayer (1995) avoided sampling in the parts of a study area
where there were few or no fire scars, possibly because of
younger stands. These studies may be legitimate for their in-
tended purposes (see below) but are biased if the goal is to
estimate parameters of the fire regime in the whole land-
scape (Lorimer 1985).

For the goal of estimating the population mean FI and fire
rotation for a study area, targeted sampling is “mensurative

pseudoreplication” (Hurlbert 1984), because the physical
sampling space is more restricted than the inference space,
which is the study area as a whole. Pseudoreplication from
targeting leads to a biased estimate, typically with estimated
mean FI shorter than the population mean FI, and with other
statistics also affected. Young or dense stands or areas with
low scar densities cannot be categorically excluded from
sampling if the goal is to estimate parameters of the fire re-
gime in a study area (Lorimer 1985).

The occurrence of crown fires may be underestimated be-
cause of targeting. It is a common statement that crown fires
are now more common as a result of fire suppression in pon-
derosa pine forests (e.g., Covington and Moore 1994b). This
conclusion cannot be supported or refuted using data from
most past fire-history studies in ponderosa pine forests, since
the common use of targeting is biased against the detection
of crown fires. Not only are the places that may have crown
fires often avoided, but also the necessary data, such as tree-
origin dates, are seldom collected because of a focus on long
fire-scar records.

Is it targeting to restrict sampling to trees with scars? Un-
burned area inside a fire perimeter represents a potentially
longer fire interval. Some parts of a stand may repeatedly es-
cape burning for a variety of reasons (e.g., rocky or have lit-
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tle fuel, persistently too moist to carry a surface fire, isolated
by fire breaks). Parts of stands may accidentally escape fire
for exceptional periods just because the pattern of fire
spread is somewhat stochastic. These semi-permanent or
spatially varying fire refugia may be ecologically important,
allowing fire-susceptible species to persist as well as tree re-
generation to occur (e.g., Greenberg and Simons 1999). Fire
intervals from these parts of stands should be included in the
estimate of the population mean FI and other descriptors of
the fire regime (e.g., maximum fire interval) for the stand.
Trees that lack scars either did not receive flames or did re-
ceive flames but resisted scarring (Table 1). If a tree did not
receive flames, then its age is an estimate of the fire-free in-
terval, subject to the same limitations as the OS interval.
Some trees that lack scars thus do represent real fire-free in-
tervals that are ecologically important.

The prevalence of unscarred trees that represent real fire
intervals is dependent on the rate of scarring and the amount
of unburned area. For example, consider a stand of 100 trees
burned by a particular fire, in which 20% of the area inside
the fire perimeter did not burn (so about 20 trees unburned).
Of the remaining 80 trees, if the rate of scarring is 10%,
then 8 trees may be scarred and 72 unscarred even though
they received flames. So 20 trees may have long fire inter-
vals that are real and 72 may have long fire intervals that are
not real, because the fire is unrecorded. For a particular tree,
it is impossible to tell which is the case, so it is difficult to
conceive of a correction for this problem. Sampling only
scarred trees may be reasonable, given that no other solution
is obvious, but this clearly biases the estimate of the mean
FI against longer fire intervals. This bias is most significant
when fires typically leave much unburned area inside their
perimeters and the scarring rate is high. At the present time,
there may be no other obvious solution than to state how the
estimated parameter is affected (e.g., length of mean FI is
underestimated). Additional research could help reduce the
magnitude of the bias and devise potential corrections for it.

The magnitude of the effect on fire intervals from target-
ing is potentially large but is really uncertain, because few
fire-history data have been collected without targeting. There
are no published comparisons and no specific studies of tar-
geting. Targeting multiple-scarred trees has the greatest po-
tential for bias where the standard deviation of the
individual-tree FI is large relative to the mean. This is espe-
cially the case in the southwestern United States (Table 6).
In these places, there is more opportunity to find trees with
atypically short fire intervals. Targeting may have less effect
if fires are generally large and there is little tree-to-tree vari-
ation in fire intervals. However, we argued earlier in the pa-
per that fires may often be small.

We investigated the potential impact of targeting multiple-
scarred trees, only one form of targeting, using the only
available data we could find. These data are from a case
study of a subalpine forest (not ponderosa pine) in southeast-
ern Wyoming (Kipfmueller and Baker 2000),where 56 stands
were searched for fire scars without targeting multiple-scarred
trees. The fire rotation was estimated to be 129.7 years using
reconstructed fire-year maps. If all scarred trees in 56 stands
are used, mean individual-tree FI is 124 years. If only trees
with two or more scars are used, then mean individual-tree
FI is 79 years. Ifonly trees with three or more scars are used,
then mean individual-tree FI is 60 years. If only trees with four
or more scars are used, then mean individual-tree FI is 47
years. Thus, only the mean individual-tree FI without target-
ing provides an accurate estimate of the fire rotation, and
targeting leads to an underestimate of the fire rotation by a
factor of as much as 2.6 times, if only trees with four or
more scars are used. These data from a subalpine forest do
not provide definitive evidence of the magnitude of bias from
targeting in ponderosa pine forests, where further research is
needed, although the principle is the same regardless of the
dominant tree. This example suggests that targeting multiple-
scarred trees could significantly bias the estimate of the pop-
ulation mean FI, fire rotation, and other parameters.
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Individual-tree
FI (years)*

Actual sample
size (n)

Sample size (n) needed to
detect a difference of

Source Stand name 25% 50% 100%

Brown et al. 1999 Old Cluster 75±32 16 63 17 6
Brown and Sieg 1996 JCN 31±8 11 24 7 3
Brown and Sieg 1996 JCC 42±9 14 17 6 3
Brown and Sieg 1996 JCE 37±14 16 50 14 5
Brown and Sieg 1996 JCS 32±11 16 41 11 4
Dieterich 1980a Chimney Spring 11±7 7 138 36 10
Rowdabaugh 1978 — 40±24 19 123 32 9
Stein 1988 Whiteman Spring 23±4 5 12 4 3
Stein 1988 Straight Canyon 30±5 4 11 4 3
Stein 1988 Seiler Mill 32±9 5 28 8 4
Swetnam and Dieterich 1985 McKenna Park 13±6 16 73 19 6
Swetnam and Dieterich 1985 Langstroth Mesa 12±7 18 116 30 9
Swetnam and Dieterich 1985 Gilita Ridge 16±6 10 49 13 5

Note: The sample size (n) needed is the number of sampled, fire-scarred trees needed to detect a particular percentage difference in mean
individual-tree FI, with a statistical power of 0.90, assuming a two-samplet test to test the null hypothesis that two means do not differ.
Power analysis was completed using MINITAB release 12 (MINITAB, Inc. 1997).

*Values are mean ± SD.

Table 6. Power analysis for scar-to-scar individual-tree FIs in ponderosa pine forest stands.
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While targeting is likely to lead to biased estimates of fire
intervals, there may be a need for screening to ensure that
individual-tree estimates of fire intervals are good estimates.
Where scars are rotten or are physically difficult or impossi-
ble to remove, screening seems legitimate and necessary, al-
though there is a potential for bias even from this minor
screening. Rotten scars may be old, and their exclusion may
bias the sample against the early part of the potential record.
Old, healed-over scars present the same problem. The first
fire scar on a tree increases the chance that subsequent fires
will be recorded as scars, but the first fire scar also increases
the chance of scarring by fires that burn only one tree; these
fires may be common (Fig. 2). While it may be possible to
exclude scars produced by single lightning strikes on a par-
ticular tree, this screening may exclude larger fires that are
recorded only on the tree that experienced the ignition. Thus,
without further research it is unclear whether screening,
based on recorder trees, is likely to increase or decrease the
accuracy of the estimate of the population mean FI and fire
rotation. Testing the effect of restriction of sampling to re-
corder trees is also part of the needed modern calibration.

Sampling pre-Euro-American fire history
Each fire probably removes some of the evidence of previ-

ous fires, which may create additional problems and con-
straints for sampling. Often a goal of fire-history studies is
to reconstruct the fire intervals or other properties of the fire
regime in the pre-Euro-American era. In the case of surface
fires, the population from which a sample is to be drawn is
the set of trees of sufficient age to record fires during that
era, and presumably with fire scars from that era. Clearly, in
this case, it would not be targeting to identify the trees that
belong to this population and then sample them in an unbi-
ased way (e.g., not seeking multiple-scarred trees).

The tree population from which this sample may be de-
rived can be circumscribed spatially to estimate the land area
over which the sample might be considered to estimate the
population. However, if this circumscribed area does not it-
self span the area and environments of a particular landscape
of interest, then it is impossible to draw inferences about the
whole landscape (Lorimer 1985). This is the situation often
confronted by fire historians. Grissino-Mayer (1995), for ex-
ample, avoided sampling in the parts of a study area where
there were younger stands because he was interested in the
pre-Euro-American fire record that does not exist on young
trees. This is not mensurative pseudoreplication in this case,
but no inference can be drawn about pre-Euro-American fire
intervals in the landscape as a whole. Moreover, there is evi-

dence that old forests with long fire records tend to survive
in atypical places in the landscape (Camp et al. 1997), per-
haps where crown fires may be less likely. If so, long fire re-
cords could be inherently biased (but may not be) relative to
the fire regime typical of the whole landscape. One way to
analyze this potential bias is to explicitly determine how
representative are the environments containing the popula-
tion and sample relative to the environments in the land-
scape as a whole (e.g., Teensma 1987).

While fire evidence does disappear over time, and more
ancient fire intervals will be more difficult to sample ade-
quately, the same sampling adequacy requirements apply to
more ancient fire intervals. If fire evidence did not disappear
over time, then a researcher could obtain a pre-sample of an-
cient fire intervals to estimate the variability of fire intervals,
then use power analysis to estimate the necessary sample
size needed to detect a particular difference in mean FI with
adequate power, as explained earlier. The power analysis is
for a repeated measures test, rather than at test, since the
same sampling units (scarred trees) often are observed over
time. More ancient fire intervals are rarer, so it will likely be
more difficult to obtain an adequate sample. More ancient
fire intervals are likely also more spatially restricted and,
thus, less certain to represent the landscape as a whole.

If the goal is a comparison between pre-Euro-American
and present fire intervals, then an approximately equal sam-
ple size would be desirable, but unbalanced designs can be
accommodated in statistical tests, such as repeated measures
analysis (Gurevitich and Chester 1986; Shaw and Mitchell-
Olds 1993). Thus, if dead wood is used as a source of an-
cient fire intervals, then an adequate sample of post-Euro-
American fire intervals from living trees may also be
needed. It is useful to display the sample size over time
(e.g., Veblen et al. 2000), but also important to analyze how
the spatial extent and potential spatial bias of the sample
vary over time.

The composite FI presents special problems when a com-
parison of fire intervals over time is of interest, since com-
posite FI typically declines as sample size increases, and the
record of ancient fire intervals may be smaller. For compar-
ing composite FIs, it seems essential to match the popula-
tions and perhaps also the samples. That is, the spatial extent
of the rarer pre-Euro-American fire intervals should set the
spatial extent of sampling of all intervals, so the populations
are spatially matched. Then, samples of equal size, with suf-
ficient power, from each era of interest are essential, since
the estimated composite FI is affected by sample size. To
achieve equal sizes, random omission of samples, if too
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Source of change
Likely direction of change if
remedied

Potential
magnitude

Source of
estimate

Restricted mean composite FI
(>10% scarred)

Lengthen mean FI About 1.8 times Text

Inclusion of OS interval Lengthen mean FI About 1.6 times Fig. 5
Use of mean individual-tree FI Lengthen mean FI About 2–3 times Fig. 8
Targeted sampling Lengthen mean FI Possibly 2–3 times Example in text
Adequate sample size Narrow the range of mean FIs Perhaps by half Fig. 4a

Table 7. Sources of change in estimates of mean fire interval, relative to composite FI estimates, in ponderosa pine
forests of the western United States.
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many are found for a particular era, may be necessary. With
composite FI, differences in sample size or inadequate sam-
ples in particular eras may yield spurious trends.

Overall assessment of uncertainties and
biases

The problems identified in this article together mean that
there is considerable uncertainty about what the population

mean FI and fire rotation are in ponderosa pine forests in the
western United States. Much of the uncertainty comes from
the problem of sampling and interpreting the fire-scar record
if there are unrecorded fires. This uncertainty is present in
other surface-fire regimes as well. The present magnitude of
uncertainty and bias is large, because there is little research
that provides the modern calibration needed to guide sam-
pling and interpretation of the fire-history record. All the pa-
rameters (e.g., mean, median, maximum, distribution) of a

© 2001 NRC Canada

1222 Can. J. For. Res. Vol. 31, 2001

0

2

4

6

8

10

12

0

2

4

6

8

10

0
1
2
3
4
5 (c) Restricted (>10%) Mean Composite FI With Targeting Correction

(b) Restricted (>10%) Mean Composite FI

(a) Mean Composite FI
N

u
m

b
e

r
o

f
S

ta
n

d
s

* = Median
*

0

1

2

3

4

5
(d) Mean Individual-Tree FI

0

1

2

(e) Mean Individual-Tree FI With OS Interval

1
-1

0

2
1
-3

0

4
1
-5

0

6
1
-7

0

8
1
-9

0

1
0
1
-1

1
0

1
2
1
-1

3
0

1
4
1
-1

5
0

1
6
1
-1

7
0

1
8
1
-1

9
0

2
0
1
-2

1
0

2
2
1
-2

3
0

2
4
1
-2

5
0

2
6
1
-2

7
0

2
8
1
-2

9
0

3
0
1
-3

1
0

Interval (Years)

0

1

2

3 (f) Mean Individual-Tree FI With OS Interval and Targeting Correction

*

*

*

*

*

Fig. 8. Distribution of fire-interval parameters for the 18 stands of ponderosa pine in the western United States with estimates of both
composite FI and individual-tree FI (Table 4), comparing their (a) mean composite FI, (b) restricted (>10% scarred) mean composite
FI, (c) restricted (>10% scarred) mean composite FI with correction for targeting, (d) mean individual-tree FI, (e) mean individual-tree
FI with the origin-to-scar (OS) interval, (f) mean individual-tree FI with the OS interval and correction for targeting.

I:\cjfr\cjfr31\cjfr-07\X01-046.vp
Thursday, June 21, 2001 9:35:30 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



set of fire intervals are affected by the uncertainties and bi-
ases we identified, and all the parameters should be brack-
eted.

What is the bracketed range of population mean FIs in
ponderosa pine forests of the western United States, recog-
nizing uncertainties and biases? Corrections are needed for
several uncertainties and biases (Table 7). We suggest using
the restricted (>10% scarred) mean composite FI as the low
estimate and mean individual-tree FI with OS as the high es-
timate of the population mean FI and fire rotation. The 10%
restricted mean composite FI is on average about 1.8 times
the unrestricted mean composite FI. Targeting likely de-
creases the mean composite FI by a factor of two to three
times. Thus, on the low end of the bracketed range we sug-
gest correcting for biases and uncertainties by multiplying
mean composite FI values by 3.6 to 5.4 (2 × 1.8 to 3 × 1.8).
An argument could be made that the OS interval should also
be included in the correction of the mean composite FI, but
we omit this correction to allow uncertainty about the OS in-
terval. If not directly available, the mean individual-tree FI
value can be estimated as typically two to three times the
mean composite FI value. Addition of the OS interval in-
creases the mean individual-tree FI value by a factor of about
1.6. Targeting likely also decreases the mean individual-tree
FI by a factor of two to three times. Thus, on the high end of
the bracketed range we suggest correcting for biases and un-
certainties by multiplying mean composite FI values by 6.4
to 14.4 (2 × 1.6 × 2 to 3 × 1.6 × 3). The population mean
FIs and fire rotations for ponderosa pine forests in the west-
ern United States may thus lie in a large range, spanning 3.6
to 14.4 times the unrestricted mean composite FI values.

A sample of the effect of these corrections can be ob-
tained by using the 18 stands for which both mean compos-
ite FI and mean individual-tree FI estimates are available
(Table 4). We use only those stands with 10 or more trees
sampled. In this sample, mean composite FI varies from 5 to
21 years (Fig. 8a), which is very similar to the overall range
for the studies in Table 4 (see Fig. 4a). We estimate the re-
stricted (>10%) mean composite FI for each stand (Fig. 8b),
using the average correction of 1.8 found in our earlier anal-
ysis, as the authors of these studies did not use a restriction.
The mean individual-tree FI with OS is estimated (Fig. 8e)
using the mean individual-tree FI (Fig. 8d) and the regres-
sion equation (Fig. 6). Finally, we correct for targeting by
applying a multiplicative correction of 2.5 times (Figs. 8c
and 8f). Thus, the 18 stands have a reported mean FI range
of 5–21 years (median 11.5 years), but the bracketed range
of the population mean FI is from 22.5 to 94.5 years (me-
dian 51.8 years) on the low end and from 48.0 to 308.0 years
(median 170.0 years) on the high end (Fig. 8).

Uncertainty about unrecorded fires means that this brack-
eting cannot presently be narrowed. Research is first needed
to complete the modern calibration of the fire-scar signal rel-
ative to the actual fire regime. Such a research program can
probably narrow the range of some uncertainties. We pro-
pose below some methods to minimize biases. Until research
addresses the uncertainties and biases, it is necessary to ac-
knowledge the large range within which the population
mean FIs and fire rotations may lie. While we have not pre-
sented comparable bracketing for other parameters (e.g.,
maximum fire interval), the same kind of analysis is appro-

priate. It may be optimistic, however, to expect that it will
ever be possible to have very accurate estimates of fire inter-
vals in the pre-Euro-American landscape. There will always
be some unresolvable uncertainty that, in our opinion, is best
treated by providing bracketed estimates.

There is presently insufficient research to be able to pro-
pose remedies for all the potential problems we have identi-
fied, but we have some suggestions. First, where possible,
use a statistically valid and unbiased approach (e.g., random,
stratified random) to locate potential stands for sampling. If
unbiased sampling is not possible, because the study area
contains only a few remnant stands (e.g., unlogged) suitable
for sampling, then include them all or randomly choose a
sample of them. In either case, determine to what extent the
sample is representative of the spectrum of physical and bio-
logical settings that were present in the landscape (e.g.,
Teensma 1987). Second, determine whether the potential
sampling location was subject to a crown fire, a surface fire,
or both. Third, use a pre-sample and power analysis to esti-
mate the sample size needed and collect at least the mini-
mum sample of fire-scarred trees from a contiguous area.
Use minimum screening standards (e.g., no damage, physi-
cally possible to remove) but without selecting trees based
on other criteria that may bias the sample. Whenever possi-
ble, obtain an estimate of the pith date near the root collar of
the tree from which the scar was obtained, so that the OS in-
terval can be estimated. Finally, bracket the possible range
of the population mean FI and fire rotation using the re-
stricted (>10%) mean composite FI and mean individual-tree
FI with OS. Bracket other parameters (e.g., maximum fire
interval, distribution of fire intervals) as well.

Implications for ponderosa pine forests

The uncertainty we identify in fire-history results suggests
that present concepts of the role of fire in maintaining the
structure of ponderosa pine forests are less certain. Surface
fire is still very important to these forests. However, the lon-
ger mean FIs and fire rotations that certainly occurred, and
the spatially patchy nature of fire, somewhat diminish the
magnitude of control of forest structure by fire relative to
present conceptions of fire’s importance in ponderosa pine
forests. A logical conclusion is that other factors, such as
climatic changes, timber harvesting, and domestic livestock
grazing, may have played a somewhat larger role than previ-
ously thought in post-Euro-American change in these forests
(e.g., Savage and Swetnam 1990; Grissino-Mayer 1995; Sav-
age et al. 1996). It is less possible, for example, to exclude
the hypothesis that past climate (e.g., cold, dry Little Ice
Age), no longer present, may have played a role in shaping
the open, low-density forest structure present in low-
elevation forests at the time of Euro-American settlement, an
idea that has been suggested for other ecosystems (Clark
1990). Ponderosa pine regeneration, in particular, is known
to be sensitive to climatic conditions (e.g., Savage et al.
1996).

Longer fire rotations and spatially patchy fires also sug-
gest that a greater diversity of forest structures probably ex-
isted in the pre-Euro-American ponderosa pine landscape,
possibly leading to some crown fires. Dense thickets of re-
generating trees or dense old patches of trees may have been
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a part of the pre-Euro-American ponderosa pine forest land-
scape (e.g., Shinneman and Baker 1997), since there is more
opportunity for these to have occurred. Both modeling stud-
ies (Roberts and Betz 1999) and empirical research in other
pine landscapes (Greenberg and Simons 1999) suggest that
longer fire-free intervals allow greater diversity of forest
structures. The possibility of patches of regenerating trees
and dense patches of older trees also implies greater likeli-
hood that stand-replacing crown fires were a part of the pro-
cesses shaping the pre-Euro-American ponderosa pine forest
landscape (Shinneman and Baker 1997). Dense forests may
be important for the Mexican spotted owl in some south-
western ponderosa pine landscapes (Ganey et al. 1999). Be-
cause of this variability in forest structure and its potential
importance to wildlife, widespread intentional restoration of
low-density forest structure across the landscape (e.g.,
Covington et al. 1997; Fulé et al. 1997) is unwarranted.

Surface fires, however, were clearly an important process
in these forests, and there is also ample evidence that fires
have been excluded by human land uses (e.g., Savage and
Swetnam 1990). Exclusion of surface fires undoubtedly has
altered forest structure, since surface fires readily kill young
trees (Table 3). However, the magnitude of the impact of fire
exclusion on ponderosa pine forests is uncertain because of
uncertainty about mean FIs and fire rotations. Some parts of
these forests need fire intervals of 50 or more years for tree
regeneration to succeed.

Since there is large uncertainty about the fire regime in
ponderosa pine forests, caution is warranted until some un-
certainty can be removed. We suggest that restoration of fire
as a process is certainly warranted, but quantitative targets
for how frequent prescribed fires should be, how much land
area should be burned in a particular year, or how much fuel
reduction is appropriate (Babbitt 1997; Laverty and Williams
2000) are premature because of large uncertainty about
mean fire intervals and fire rotations. More careful study is
also warranted before physical restoration of forest structure
or fuels is undertaken on a wide scale (Covington 2000;
Laverty and Williams 2000). This is particularly true in valu-
able National Parks, Research Natural Areas, and other pro-
tected areas, where a goal is often to maintain natural
ecosystems and the species dependent upon them.
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